We report measurements of fluctuation and roll patterns near the transition to Rayleigh-Bénard convection which are consistent with a fluctuation-induced first-order transition, as predicted by Swift and Hohenberg. Above onset, we find convection rolls with noise-induced fluctuations, time-dependent amplitude modulation and roll undulation, and homogeneous dislocation nucleation. DOI: 10.1103/PhysRevLett.91.094501 PACS numbers: 47.20.Bp, 47.54.+r, 64.60.Fr Many properties of equilibrium systems exhibit large thermally driven fluctuations near a critical point. Examples are the density of a fluid near a liquid-gas critical point, and the magnetization near a Curie point. Nonlinear interactions between the fluctuations then change the critical behavior and yield critical exponents which differ from those predicted by mean-field theory. In some cases the fluctuations cause the transition to be of first order even though mean-field theory predicts a second-order transition. The same phenomena should occur also in a very different context, namely, near bifurcations in nonequilibrium systems. Thus, the transition from pure conduction to Rayleigh-Bénard convection (RBC) in a thin horizontal layer of a fluid heated from below was predicted to be of second order (i.e., a supercritical bifurcation) when fluctuations were neglected [1] . Swift and Hohenberg [2, 3] showed that this transition belongs to a universality class discussed by Brazovskii [4] that has a fluctuation-induced first-order transition (or subcritical bifurcation). However, the first-order effect was believed to be unobservably small because the thermal energy k B T which drives the fluctuations usually is very small compared to typical energies of fluid flow in macroscopic systems. Here we report experimental observations which suggest a fluctuation-induced first-order transition to RBC in the form of rolls [5] . We also present observations of persistent fluctuation-induced disorder of the roll state above the bifurcation, as discussed, for instance, by Toner and Nelson [6] .
Many properties of equilibrium systems exhibit large thermally driven fluctuations near a critical point. Examples are the density of a fluid near a liquid-gas critical point, and the magnetization near a Curie point. Nonlinear interactions between the fluctuations then change the critical behavior and yield critical exponents which differ from those predicted by mean-field theory. In some cases the fluctuations cause the transition to be of first order even though mean-field theory predicts a second-order transition. The same phenomena should occur also in a very different context, namely, near bifurcations in nonequilibrium systems. Thus, the transition from pure conduction to Rayleigh-Bénard convection (RBC) in a thin horizontal layer of a fluid heated from below was predicted to be of second order (i.e., a supercritical bifurcation) when fluctuations were neglected [1] . Swift and Hohenberg [2, 3] showed that this transition belongs to a universality class discussed by Brazovskii [4] that has a fluctuation-induced first-order transition (or subcritical bifurcation). However, the first-order effect was believed to be unobservably small because the thermal energy k B T which drives the fluctuations usually is very small compared to typical energies of fluid flow in macroscopic systems. Here we report experimental observations which suggest a fluctuation-induced first-order transition to RBC in the form of rolls [5] . We also present observations of persistent fluctuation-induced disorder of the roll state above the bifurcation, as discussed, for instance, by Toner and Nelson [6] .
It became possible to observe the above phenomena by making the measurements near the critical point of SF 6 where the fluid properties are such that the system becomes exceptionally susceptible to thermal noise. The parameter F that determines the response of the system to thermal noise is given by [3, 7] 
where k B is Boltzmann's constant, T the absolute temperature, the density, the kinematic viscosity, the thermal diffusivity, and d the spacing between the plates. The quantity between the rightmost parentheses is approximately equal to 0.18. Figure 1 illustrates the phase diagram of SF 6 . On the critical isochore vanishes while remains finite as T c is approached from above. Thus F diverges at T c and thermal-noise effects become significant even in this macroscopic system [8] . In addition, the appropriate sample spacing d is about 2 orders of magnitude smaller than that for ordinary liquids. This enhances F further, to typical values as large as 5 10 ÿ4 . In RBC experiments using ordinary liquids F is close to 10 ÿ9 . Furthermore, the temperature derivative of the refractive index also diverges at the critical point and typically is as large as 0:1 K ÿ1 . This makes the shadowgraph method which we use exceptionally sensitive [9] .
We used a RBC apparatus suitable for compressed gases [9] . Two samples 1 and 2 had thicknesses d 34:3 and 59 m, aspect ratios ÿ L=2d ' 360 and 85 [10] , pressures P 38:10 and 39.58 bars, mean temperatures T T 46:22 and 48.00 C, Prandtl numbers 47 and 13, and vertical thermal diffusion times t v d 2 = 1:03 and 0.85 sec, respectively. The vertical average of the deviation of the temperature field from the pure conduction profile was visualized by the shadowgraph method [9, 11] To obtain quantitative information about the nature of the transition, we integrated the structure factor Sq [Sq is the square of the modulus of the Fourier transform and q is the wave director] to obtain the total shadowgraph power P at several different T. One can show that P is proportional to the mean square hT 2 i of the temperature deviation from the conduction profile. The results are shown in Fig. 3 as a function of T=T c ÿ 1. With increasing T P increased gradually, until a dramatic jump occurred at 0. As seen in Fig. 2 , the patterns consisted of rolls above and of fluctuations below this jump. Swift and Hohenberg [2, 3] gave an analytic expression for hT 2 i which, however, is expected to be quantitative only for systems with small aspect ratios ÿ < F ÿ2=5 ' 20. We least-squares fitted it to the data, adjusting F, T c , and a scale factor for P . This gave T c 0:1314 K and F 7:1 0:4 10 ÿ4 . From the fluid properties at T T T [13] , Eq. (1), and T c 1708=gd 3 we obtained T c 0:1106 K and F 5:1 10 ÿ4 , in remarkably good agreement with the fit. The solid lines in Fig. 3 represent the fit. They pass close to the data, except for the two points with the largest T(they were excluded from the fit) which are low because the shadowgraph method saturated.
Although the jump in P at T c (Fig. 3) , accompanied by the sudden change in the patterns from rolls to fluctuations ( Fig. 2) and in the time scale of the dynamics, suggests a first-order transition, we give additional evidence in Fig. 4 . Shown there is P as a function of time for three values of T. The top data set (dashed line) is for T 0:1320 K > T c . Fluctuations of P are noticeable, but generally the power remains near 0.18. The next trace (solid line) is for T 0:1315 K ' T c . In this case there are large fluctuations, with sudden changes by a factor of 2 or so. We interpret this to imply the coexistence of two states, which is possible only for a first-order transition. This is confirmed by the shadowgraph images given to the right of the graph, which reveal roll patterns during the time intervals when P is large and fluctuations when P is small. Decreasing T to 0.1310 K yielded the bottom dashed line, which shows only mild fluctuations and no transitions to the roll state.
Data for P from sample 2 are shown in Fig. 5 are T c 0:378 and F 0: 8 10 ÿ4 , again in quite good agreement with the experiment.
Sample 2 was used to investigate the nature of the state above the transition. For 0:009 Fig. 5(b) shows as open circles the dependence of the Fourier power S on the angle of q. In addition to the main peak corresponding to the roll structure, there is a background which is (within experimental uncertainty) independent of . The background can also be seen, albeit only faintly, in Fig. 6(b) , which shows the modulus of the Fourier transform of the image shown in Fig. 6(a) . Using it, without inclusion of the main peak, we estimated the total fluctuation power shown in Fig. 5(a) as open circles. One sees that the fluctuations are symmetric about the transition. As shown in Figs. 6(a) and 6(c), the fluctuations above onset yield a beadlike modulation of the roll pattern. This can also be seen for sample 1 in Fig. 2(a) . When bandpass filters, centered on the main peaks of the Fourier transform, were applied as illustrated by the solid circles in Fig. 5(b) , an inverse transform revealed that the beads had been removed as shown in Fig. 6(d) .
In addition to the relatively rapid fluctuations which are superimposed upon the rolls, there are excitations of the rolls themselves which have a much slower dynamics. magnitude larger than in the direction orthogonal to q. Figures 2(a), 6 (a), 6(c), and 6(d) suggest that the rolls are not perfectly straight, but rather that there are roll undulations, i.e., variations of the director angle along the roll axes. To make this more apparent, we determined the director field directly from the patterns [15] . We did not resolve any structure in the modulus q of q, indicating that we were unable to observe the ''compressional phonons'' envisioned by Toner and Nelson [6] . However, we found a spatial variation of the angle of q. A grey-scale representation of x for Fig. 6 (a) is shown in Fig. 6(f) . As for A, also has a larger correlation length in the direction of q than orthogonal to it, but the structure orthogonal to q is not the same as that of A. The excitations of x presumably correspond to the ''undulatory phonons'' envisioned by Toner and Nelson [6] .
We also observed occasional homogeneous nucleations of dislocations, again as suggested by Toner and Nelson. Dislocations usually evolved from exceptionally large undulation amplitudes, such as the one in the upper right part of Fig. 6(f) . Once formed, they would glide out of the area of observation, thereby relieving the stress due to the undulation. This process is illustrated in Fig. 7 . There one sees also that the dislocation extends over several roll pairs, presumably reflecting the anisotropy of Ax and/or x.
We presented experimental evidence supporting the Swift-Hohenberg [2, 3] prediction that fluctuations induce a first-order transition to RBC. Swift and Hohenberg were able to show that this system belongs to a universality class first studied by Brazovskii [4] . A characteristic feature of members of this class is that the ordered phase has a high degree of degeneracy. In the RBC case this degeneracy is due to the rotational invariance of the pattern, which is reflected in the ring in Fourier space shown, for instance, in Figs. 2(d) and 2(f). To our knowledge, the only equilibrium system belonging to this class that has been studied experimentally is the microcrystallization of di-block copolymers [16] . Another nonequilibrium system which should belong to this class is electroconvection in a homeotropically aligned nematic liquid crystal, provided the transition to electroconvection is not preceded by a Frederickcz transition [17] .
